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ENTHALPY CALCmTED FROM PRESSURE 

AND FLOW-RATE MEASURFSIENTS IN 

HIGH-TEMPERA- SUBSONIC STREAMS 

By Ronald D. Brown and Bruce Fowler 
Langley Research Center 

SUMMARY 

A method of calculating the enthalpy of a high-temperature subsonic stream 
from measurements of the total pressure, the static pressure at the nozzle exit, 
the nozzle area, and the mass-flow-rate is presented. 
by this method is compared with the enthalpy determined from the free-stream 
temperature as measured with a spectrometer and the enthalpy determined by an 
energy balance. 

The enthalpy calculated 

The average difference between the values of free-stream enthalpy deter- 
mined by the method presented and those determined by the spectrometric method 
is less than io percent at a flow rate of 0.011 slug/s (0.16 kg/s). 
flow rates produce nonuniform pressure distributions across the stream and tend 
to increase the deviation between the enthalpy values. 

Lower mass- 

INTRODUCTION 

Since large subsonic arc-jet facilities are currently being used to inves- 
tigate material properties, it is desirable to characterize the test stream. 
The stagnation temperature of such streams is well above the value that can be 
measured with conventional thermocouples and therefore other approaches are 
necessary. The spectrometric techniques described in reference 1 require an 
elaborate setup and an exercise of judgment in reduction of data. 
balance technique requires accurate measurement of power input, water-flow 
rates, water temperatures, and test medium mass-flow rate; also the reduction 
of data is time consuming and laborious. 

The energy- 

A thermodynamic approach calculating the enthalpy for subsonic flow from 
mass-flow rate and pressure measurements is developed, with several simplif'ying 
assumptions. This approach, which is roughly parallel to the sonic-flow calcu- 
lation presented in reference 2, may generally be used in conjunction with any 
subsonic facility in which the total arc-chamber pressure, static pressure, 
mass-flow rate, and nozzle area are either known or measurable. 



The thermodynamically derived enthalpy i s  compared with enthalpy deter-  
mined by the spectrometric technique and enthalpy determined by an energy 
balance. The l imitat ions of the  simplifying assumptions a re  enumerated. 

SYMBOLS 

The un i t s  used fo r  the physical quant i t ies  i n  this paper a re  given both 
i n  the  U.S. Customary Units and i n  the Internat ional  System of Units (S I ) .  
Factors re la t ing  the two systems are  given i n  reference 3, and those used i n  the 
present investigation a re  presented i n  the  appendix. 
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nozzle area,  f t 2  or m2 

heat capacity a t  constant pressure, Btu/lb-OR o r  J/kg-OK 

heat capacity a t  constant volume, Btu/lb-OR o r  J/kg-OK 

compressibility fac tor  

enthalpy, Btu/lb o r  J/kg 

Mach number 

mass-flow ra t e ,  slug/s or  kg/s 

pressure, l b / f t 2  o r  N/m2 

gas constant, f t 2 / s 2 - O R  or m2/s2-OK 

temperature, OR o r  % 

velocity, f t /s  or m/s 

r a t i o  of molecular weights 

r a t i o  of specif ic  heats, cp/cv 

density, s lug/f t3  o r  kg/m3 

Subscripts : 

a, f r ee  stream 

t t o t a l  
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METHOD OF ANALYSIS 

A n  average free-stream enthalpy may be calculated i n  a subsonic stream 
from the  pressure d i f f e r e n t i a l  and the  mass-flow rate through t h e  nozzle. 
compressibility fac tor  i s  

The 

P t  - P, 

Fc =p.d.b,2/2 
Thus 

where 

The compressibility f ac to r  Fc i s  shown as a function of Mach number M and 
r a t i o  of spec i f ic  heats y i n  figure 1. I n  addition the r a t i o  of t he  s t a t i c  
pressure t o  the  t o t a l  chamber pressure pw/pt i s  shown a s  a function of M 

and y .  

If a uniform veloci ty  and density a t  t he  nozzle e x i t  i s  assumed, the  
veloci ty  may be calculated from the  continuity equation 

m u, = - 
PWA 

Subst i tut ing equation ( 3 )  i n t o  equation (2)  y ie lds  

( 3 )  

The density f o r  a i r ,  nitrogen, and nitrogen-oxygen mixtures may be calculated 
from the  relat ionships  obtained from references 4 and 5: 

I 
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Figure 1.- Compressibility factor Fc and pressure ratio as a function of Mach number and y.  
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Figure 2.- Pressure-flow parameter as a function of enthalpy at a free-stream pressure of 1.0 atmosphere. 
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Substi tuting equation (5) i n t o  equation (4)  and rearranging t o  have only 
enthalpy-dependent terms a t  constant pressure on the  right-hand side gives 

2 
F c ( f r  

The compressibility fac tor  F, 
function of the r a t i o  of specif ic  heats 
t i o n  of Mach number. 
function of enthalpy a t  a free-stream pressure of 1.0 atmosphere f o r  a i r ,  n i t ro -  
gen, and a mixture of 90 percent nitrogen and 10 percent oxygen. A s  long a s  
the assumption of a uniform total-pressure d is t r ibu t ion  across the stream i s  
valid,  the arc-chamber pressure may be assumed t o  be equal t o  the t o t a l  pres- 
sure. 
of the arc-chamber t o t a l  pressure 
the  test-medium mass-flow r a t e  

on the  left-hand side of equation (6)  i s  a weak 
(hence enthalpy) and a strong func- 7 

(See f i g .  1.) Equation (6)  i s  p lo t ted  i n  f igure 2 a s  a 

Thus the enthalpy may be determined from f igure 2 and the measured values 
pt, the  tes t -sect ion s t a t i c  pressure p,, 

6, and the  nozzle e x i t  area A. 

Since F, i s  dependent on both M and 7, an i t e r a t i o n  i s  required. A 
f i rs t  approximation f o r  the Mach number may be obtained from the  measured value 
of pw/pt and an estimated value of y from f igure 1. The i t e r a t i o n  may be 
a r b i t r a r i l y  terminated when two successive values of the Mach number d i f f e r  by 
no more than 0.01. 

APPARATUS AND TESTS 

2300-Kilowatt Arc J e t  

The a rc  chamber of the 
2500-kilowatt a rc - je t  f a c i l i t y  
(see f i g .  3) contains three equally 
spaced s e t s  of electrodes,  each s e t  
comprising two concentric water- 
cooled copper rings.  A 3-inch- 
diameter (7.6-cm) center electrode 
i s  connected t o  each phase of the 
three-phase, alternating-current,  
power supply ( 7300 kilovol t  -ampere 
and 2400 vol t s  phase t o  ground) 
which provides the energy t o  heat 
the t e s t  gas. These electrodes 
pass through a water-cooled copper 
base p l a t e  and are  e l ec t r i ca l ly  
insulated from the base p la te .  
three 6-inch-diameter (l5.2-cm) 
outside electrodes a re  mounted 
d i r ec t ly  t o  the base p l a t e  through 
which they have a common connection 

jVikJ1 L '  f l*J1d(o  

A'< ciidrJl,t 1' 

G 1 ' Ill  1 llQl, ~ 

The 

L-65-144 
Figure 3.- Phantom view of 2500-kilowatt arc-jet facility. 
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t o  t he  grounded neut ra l  of t he  power supply. 
walled, water-cooled copper cylinder, 20 inches (51 cm) i n  diameter and 
15 inches (38.1 cm) i n  length. 
mounted exterlially around the  a rc  chamber so t h a t  a magnetic f i e l d  i s  applied 
p a r a l l e l  t o  t he  ax i s  of the  a rc  u n i t .  The a rc  ro ta t ion  (approximately 360 r p s )  
changes direct ion a s  t he  a r c  current reverses because of t he  in te rac t ion  of the  
a rc  with the  constant-direction magnetic f i e l d .  

The a rc  chamber i s  a double- 

A p a i r  of direct-current magnetic c o i l s  i s  

The t e s t  gas i s  in jec ted  i n t o  t h e  a rc  chamber through holes a t  t he  base of 
each electrode. A baff le ,  with a diameter equal t o  t h a t  of the  outer elec- 
trodes,  i n  t he  form of a he l ix  t i g h t l y  wound from water-cooled copper tubing 
(not shown i n  f i g .  3 )  i s  used f o r  each electrode p a i r  t o  d i r ec t  the  t e s t  gas 
through the  a rc  region. 
through a water-cooled, copper subsonic nozzle. Nozzles of various diameters 
may be attached t o  the  a rc - j e t  top; f o r  t h i s  invest igat ion,  only the  nozzles 
with )+-inch (10.2-cm) and 2-inch (5.1-cm) diameters were used. 

The tes t  gas i s  heated and discharged t o  the  atmosphere 

The outermost radius of t h e  entrance nozzle was f i t t e d  with three  pressure 
taps  0.05 inch (0.13 cm) i n  diameter which lead t o  a common f i t t i n g .  The arc-  
chamber pressure was measured by a manometer connected t o  t h i s  common f i t t i n g .  
A f t e r  t he  t e s t  conditions s tab i l ized ,  a photograph of t he  manometer board w a s  
taken, and subsequently analyzed. The t e s t  gas w a s  supplied from a high- 
pressure storage tank, regulated by a t h r o t t l i n g  valve and measured by an 
o r i f i c e  meter downstream of the  valve. 

Spectrometer 

The spectrometric instrumentation consis ts  of a glass-prism spectrograph 
modified t o  provide photoelectr ic  data readout. 
loscope and recorded on film by means of an oscilloscope camera. A more 
de ta i led  description of t h e  instrumentation and t h e  modifications may be found 
i n  reference 1. The free-stream temperature 1 inch (2 .5  cm) downstream of the  
nozzle e x i t  i s  measured by the  atomic-line-intensity-ratio method i n  which the  
e lec t ronic  exci ta t ion spectrum of copper t h a t  appears i n  t h e  gas from the  small 
electrode contamination (approximately 0.05 percent by weight) i s  used. 
temperature of t he  stream, i f  thermodynamic equilibrium i s  assumed, i s  a func- 
t i o n  of t h e  in t ens i ty  r a t i o .  
been modified t o  observe, a l te rna te ly ,  the  a rc - j e t  stream and a tungsten-ribbon- 
filament ca l ibra t ion   DIP. 
sources i s  about 20 cps, which i s  fast enough t o  provide simultaneously a ca l -  
ib ra t ion  s igna l  and a signal from t h e  t e s t  source. This ca l ibra t ion  s igna l  
allows adjustment of t he  oscil loscope gain controls  during a tes t  run f o r  t he  
most advantageous s igna l  display.  The in tens i ty- ra t io  s ignals  from t h e  two 
sources a r e  observed as two l i n e s  on t h e  oscilloscope. 

Data a r e  displayed on an osc i l -  

The 

The external  op t i ca l  system of reference 1 has 

Frequency of s igna l  a l t e r a t i o n  between these two 

RESULTS AND DISCUSSION 

Previous tes ts  i n  t h e  a rc - j e t  f a c i l i t y  used i n  t h i s  invest igat ion indicated 
a l i n e a r  var ia t ion  of calorimeter heat- t ransfer  r a t e  with power input t o  the  
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arc .  
m e d i u m ,  it i s  expected t h a t  t h e  enthalpy would be proportional t o  a rc  power. 
When nitrogen w a s  used as the  tes t  medium, t h e  enthalpy indicated by t h e  spec- 
trometric method increased approximately i n  proportion t o  the  a rc  power, as 
expected. However, when a i r  w a s  used as the  tes t  medium, the  spectrometric 
method indicated a r e l a t i v e l y  constant enthalpy above a cer ta in  power leve l .  
Because of t h i s  unresolved behavior, nitrogen was used as the  tes t  m e d i u m  f o r  
t he  invest igat ion reported herein.  T e s t  results a re  summarized i n  t ab le  I. 

Since heat- t ransfer  rate i s  proportional t o  t h e  enthalpy of t he  tes t  

0 Pressure-flow rate - 
0 Spectrograph 
A Energybalance 

8 - 
% 8 

- 0 8  
0 

The free-stream enthalpy as a function of a r c  power f o r  t he  25OO-kilowatt 
a r c  j e t  i s  shown for t he  two tes t  mass-flow rates and f o r  t h e  two nozzle d i a m -  
e t e r s  i n  f igures  4 and 5 .  
t he  calculated values obtained from t h e  measured flow quant i t ies  and from f i g -  
ures 1 and 2. The t r iangular  symbols a r e  the  energy-balance data t h a t  w e r e  
taken on d i f fe ren t  runs, and t h e  square symbols represent the  values obtained 
by the  spectrometric technique. Since t h e  Mach number i n  t h e  2-inch-diameter 
(5.1-cm) stream was always 0.4 o r  greater ,  it was necessary t o  consider com- 
p r e s s i b i l i t y  (F, > 1.04) for a l l  t he  flow calculat ions f o r  t h a t  nozzle. 

I n  both of these figures, the  c i r cu la r  symbols a re  
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Figure4.- Enthalpy determined by three methods on a 
4-inch-diameter (10.2-cm) nozzle for two flow rates. 
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TABLE I.- TEST RESCLTS 

Pressure-flow method 

Free - stream Stagnation 
I Chamber 

pressure 

(a) Nozzle diameter, 4 inches (10.2 cm) 

Spectrometric 
free-stream 
enthalpy 

I 

Energy- 
balance 
enthalpy 

Btu/lb MJ/kg I enthalpy enthalpy , I 

Arc 
?ewer 

kW 

2158 
2165 
2171 
2174 
2180 

I 
lb/ft21 kN/m2 1 Btu/lbl W/kg lBtu/lb I MJ/kg Btu/lb MJ/kg 

103 
io4 
104 
104 
104 

Mass-flow rate, 0.011 slug/s (0.16 kg/s) 

2550 
2750 
3250 

1850 I 4.30 
2200 5.11 

5.93 
6.39 
7.55 

1150 
1380 
1630 
1780 
2030 

1080 
1280 
1500 
1630 
1880 

2150 
2450 
2750 

1850 
2200 
2550 
2750 
3250 

0078 

2200 
2600 
3350 
3750 
4520 

5.00 
5.69 
6.39 

139 
142 

~ 157 

149 ' 152 

-~ 

1900 4.42 2025 
2100 4.88 2260 5.25 2360 
2450 5.69 2650 6.16 2490 
2650 6.16 2850 
3000 6.97 3280 7.62 2900 

1000 2535 
1280 2579 
1500 2651 
1670 2679 
1900 2710 

I 2 1  2200 
123 2400 
127 2900 
128 3150 
130 3450 

4.42 
5.06 
5.69 

4.30 
5.11 
5.93 
6.39 
7.55 

Lug/s 

2850 

(0.11 kg/s) -flow ra te ,  ( 

I '  

5.11 
6 .O4 
7.79 
8.72 

10.50 
~~ 

2450 
2700 
2930 
3280 
3420 

5.69 
6.28 
6.81 
7.62 
7.95 

2140 
2144 
2148 
2150 
2154 

5.11 1 6.04 
3350 
3750 
4520 

7.79 
8.72 

10.51 

(b)  Nozzle diameter, 2 inches (5.1 cm) 

~~ 

I I 1 I 
Fhergy- 
balance 
enthalpy 

Btu/lb W/kg I 
Chamber Pressure-flow method Spectrometric 
pressure free-stream 

Free -stream Stagnation enthalpy 
enthalpy enthalpy kW 

1080 
1380 
1650 
1830 
2130 

2907 
2962 
3113 
3178 
3286 

.. . 

~~ 

2280 
2520 
2680 
2860 
3080 

5.11 
5.58 
6.74 
7.32 
8.02 

2320 
2550 
3020 
3260 
3625 

. ~~ 

5.39 
5.93 
7.02 
7.58 
8.43 

5.30 
5.86 
6.23 
6.65 
7.16 
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The free-stream enthalpy calculated from the measured flow quantities in 
the 4-inch-diameter (10.2-cm) stream at a mass-flow rate of nitrogen of 
0.011 slug/s (0.16 kg/s) is shown as a function of arc power in figure 4(a). 
Since the Mach number is low (W.2) ,  the free-stream static enthalpy is approxi- 
mately equal to the total enthalpy. 
is assumed, the calculated enthalpy must be taken as an average value. The 
spectrometric enthalpy measurements are weighted strongly toward the highest 
enthalpy along the line of observation; this point should be at the axis of the 
stream. Thus, it is reasonable to expect the spectrometrically determined 
enthalpy to be somewhat higher than that obtained from pressure measurements, 
as is confirmed by the data of figure 4. It is also reasonable to expect the 
enthalpy obtained from the pressure measurements to agree with that determined 
by the energy balance. This agreement is indicated in figure 4(a). However, 
as the mass-flow rate is decreased through the large-diameter nozzle, the data 
of the spectrometrically indicated enthalpy has a different slope from the pres- 
sure data, as seen in figure 4(b). At the higher arc powers, the spectrometer 
indicates a lower enthalpy than the pressure data. 

If a constant total-pressure distribution 

The discrepancy between the results obtained by the two methods of enthalpy 
determination are attributed mainly to two causes. First, a water-cooled, 
total-pressure probe indicated that the total-pressure distribution across the 
4-inch (10.2-cm) nozzle exit was uniform for the 0.011-slug/s (0.16-kg/s) flow 
rate but contained a gradient of as much as 20 percent for the 0.0078-slug/s 
(0.11-kg/s) flow rate. 
(0.067 kg/s) resulted in a pressure gradient so severe that the pressure incre- 
ment (pt - p,,) at a distance 1/4 inch (0.64 cm) from the nozzle wall was 2.8 
times greater than the pressure at the center line. Since the method of 
calculation contains the inherent assumption of no total-pressure gradient, the 
calculated enthalpy is not realistic for flow rates below 0.0078 slug/sec 
(0.11 kg/s) for the large-diameter nozzle. 

A further decrease in flow rate to 0.0046 slug/s 

The second factor contributing to the discrepancy between results obtained 
by the two methods of enthalpy determination lies in two assumptions made in 
the spectrometric measurements. The first assumption - that the test stream 
contains no temperature gradients along the line of observation - is not true 
in the facility used in this investigation and the spectrometric results yield 
a temperature strongly weighted toward the highest temperature along the line 
of sight. The second, and possibly more important, assumption is that the arc 
stream is optically thin (no self -absorption) . Preliminary measurements indi - 
cate that the arc stream is not optically thin and show that the opticalthick- 
ness varies with both arc power and mass-flow rate. 
are not the same for both of the spectral lines under observation. Thus the 
measured spectrometric values of enthalpy given in figures 4 to 6 are lower 
than those that would be obtained in an optically thin stream. In addition, 
the correction factor will be greater for the high powers and low mass-flow 
rates than for the low powers and high mass-flow rates (that is, when the con- 
tamination is the greatest). 

Furthermore, the variations 

This type of variation of optical thickness with power and mass-flow rate 
cannot be explained solely by attributing it to the increase in gas temperature, 
but is caused by a combination of both the gas-temperature increase and the 
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Open symbols, pr-ssure-flow rate  
Solid symbols, spectrograph 
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l e v e l  of contamination from t h e  electrodes.  Previous measurements of electrode 
weight losses  (hence, r e l a t i v e  contamination l eve l s )  a s  a function of power over 
extended t i m e  periods showed t h a t  t h e  average w e i g h t  loss  increased by a f ac to r  
of about 6 when the  a rc  power was doubled and t h a t  t h e  contamination l e v e l  a l so  
increased when t h e  flow r a t e  was decreased. Simultaneous spectrometric meas- 
urements indicated var ia t ions i n  contamination leve ls  of the  same order of 
magnitude. 
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The enthalpies f o r  t he  2-inch-diameter (5.1-cm) nozzle w e r e  evaluated i n  
the  same manner a s  those f o r  the  4-inch-diameter (10.2-cm) nozzle a s  shown i n  
f igure  5.  The free-stream enthalpies shown i n  these f igures  cannot be compared 
d i r ec t ly  with those of t he  &inch (10.2-cm) nozzle because of the  d i f fe ren t  
ve loc i t i e s  (hence Mach number) f o r  a given mass-flow rate. 
comparison of t h e  t o t a l  enthalpies may be made. 
t h a t  t h e  t o t a l  enthalpy f o r  each nozzle w a s  approximately the  same a t  t h e  
0.011-slug/s (0.16-kg/s) flow rate. 
t he  0.00~8-slug/s (0.11 kg/s) flow r a t e .  
values were used f o r  the  data f o r  t he  4-inch (10.2-cm) nozzle because of t he  
poor total-pressure p ro f i l e  f o r  t h i s  low mass-flow ra t e .  The average difference 
between the  enthalpy determined by the  pressure method and the  enthalpy deter-  

However, a d i r ec t  
It can be seen i n  figure 6(a) 

Figure 6(b)  shows the  same comparison f o r  
I n  t h i s  comparison, t he  spectrometric 

mined by the  spectrometric method i s  
less than 10 percent a t  a mass-flow r a t e  
of 0.011 slug/s (0.16 kg/s). 
flow r a t e s  produce nonuniform pressure 
d is t r ibu t ions  and tend t o  increase t h e  
deviation. 

Lower m a s s -  

Check points i n  a i r  gave results 
t h a t  agreed with the  tests i n  nitrogen; 
t h a t  is ,  f o r  a pa r t i cu la r  mass-flow and 
arc-power se t t i ng  the  enthalpy was the  
same regardless of the  t e s t  gas. For 
example, a t  a tes t -gas  enthalpy of 
2980 Btu/lb (6.92 MJ/kg), from figure 2, 
t he  following r e l a t ion  should ex i s t :  

The appropriate pressures used t o  obtain 
t h i s  r a t i o  were measured and t h e  r a t i o  
w a s  within 2 percent of 1-23. The energy 
balance a l so  showed t h a t  t h e  enthalpy was 
independent of t he  chemical mixture of 
the tes t  gas. 

The method of enthalpy calculat ion 
described herein has subsequently been 
used t o  compute the  enthalpy of a sonic 
t e s t  stream. By making the  proper 

0 4-inch-diameter (10.2-cm) nozzle 

0 2-inch-diameter (5.1-cm) nozzle 

Open symbols, pressure-flow rate  
Solid symbols, spectrograph 
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(a) Mass-flow rate, 0.011 slug/s (0.16 kg/s). 

0 4-inch-diameter (10.2-cm) nozzle 
0 2-inch-diameter (5.1-cm) nozzle 

1S0C 
a00 1200 1600 2000 2400 

Arc power, kW 

(b) Mass-flow rate, 0.0078 slug/s (0.11 kg/s). 

Figure 6.- Comparison of pressure-rise total enthalpy o n  a 
2-inch-diameter (5.1-cm) nozzle w i th  spectrometric total enthalpy 
o n  a 4-inch-diameter (10.2-cm) nozzle for  two flow rates. 
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corrections f o r  compressibility and Mach number e f fec ts  as previously described, 
the  r e su l t s  were within 3 percent of the  enthalpy obtained i n  reference 2. 
This accuracy i s  considered t o  be a basic check on the va l id i ty  of the  assump- 
t ions  and the  method i n  general. 

CONCLUDING REMARKS 

A method i s  presented t o  calculate  the enthalpy of high-temperature sub- 
sonic streams from the  t o t a l  pressure, t he  s t a t i c  pressure a t  the nozzle ex i t ,  
the  nozzle area,  and the mass-flow-rate measurements. The enthalpy calculated 
by t h i s  method i s  compared with spectrometrically determined and energy-balance 
enthalpies.  
method presented and the  enthalpy determined by the  spectrometric method i s  l e s s  
than 10 percent a t  a mass-flow r a t e  of 0.011 slug/s (0.16 kg/s). Lower mass- 
flow ra t e s  produce nonuniform pressure d is t r ibu t ions  and tend t o  increase the 
deviation. 

The average difference between the enthalpy determined by the 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, Va., May 12, 1965. 
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APPENDIX 

Conversion 
fac tor  

(*I 

CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

SI  unit  

Factors required f o r  converting the  U.S. Customary Units used herein t o  
the  In te rna t iona l  System of Units (SI)  a r e  given i n  the  following table:  

meters2 (m2) 

kilogram/meter3 (kg/m3) 

joules/kilogram (J/kg) 

meters ( m )  

kilogram/second (kg/s) 

~ newtons/meter2 (N/m2) 

Physical quantity 

Area 

Density 

Enthalpy 

Length 

Mass-flow r a t e  

Pressure 

U.S. Customary Unit 

f t 2  

slug/ f t 3 

Btu/ l b  

in .  

slug/s 

l b / f t 2  

9.29 X 

5.15 X lo2 

2.32 X 103 

0.0254 

14.59 

47.88 

%ult iply value given i n  U.S. Customary Unit by conversion f ac to r  t o  
obtain equivalent value i n  SI Unit. 

Pref ixes  t o  ind ica te  multiples of un i t s  are as follows: 

I Pref ix  
I 

Multiple 71 
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